Seasonal reproduction in sheep is primarily due to a dramatic increase in the ability of estradiol (E2) to inhibit the pulsatile secretion of gonadotropin-releasing hormone (GnRH) during the nonbreeding season [anestrus (ANS)]. Recent findings suggest that kisspeptin/neurokinin B/dynorphin (KNDy) neurons of the arcuate nucleus (ARC) play a key role in conveying this negative feedback influence, with dopaminergic projections from the retrochiasmatic area acting upon KNDy cells to decrease kisspeptin release and thus inhibit GnRH pulses. However, several questions remain unanswered: (1) Are the coexpressed KNDy peptides, neurokinin B (NKB) and dynorphin, under seasonal regulation similar to kisspeptin? (2) Are seasonal changes in these peptides and their colocalization of D2 dopamine receptors (D2Rs) steroid dependent? and (3) Do KNDy neurons receive direct input from dopaminergic terminals? We used dual-and triple-label immunofluorescence to analyze brain sections through the ARC of ovariectomized (OVX) and OVX plus E2 ewes perfused during either the breeding season or ANS. Results showed (1) steroid-dependent and steroid-independent seasonal changes in kisspeptin and NKB, but not dynorphin, immunoreactivity; (2) increased D2R coexpression during ANS that was dependent on the presence of E2; and (3) evidence that KNDy cells receive direct contact from dopaminergic terminals and that this input increases during ANS. These results support the hypothesis that dopamine acts to inhibit GnRH secretion in ANS by directly suppressing the activity of ARC KNDy neurons, and implicate NKB as well as kisspeptin in seasonal shifts in E2-negative feedback in the sheep. (Endocrinology 158: 831-841, 2017) S easonal reproduction is a naturally occurring adaptation in many mammalian species that ensures offspring are born into an environment favorable for their subsequent survival (1). Female sheep show distinct cycles of ovarian function during the autumn and winter, termed the breeding season (BRS), and ovarian quiescence and anovulation in spring and summer, termed anestrus (ANS) (2). The primary mechanism responsible for this variation in ovarian function is a significant alteration in the ability of estradiol (E2) to inhibit gonadotropin-releasing hormone (GnRH) secretion (3). Specifically, during ANS, E2 gains the ability to dramatically suppress the frequency of GnRH and luteinizing hormone (LH) pulses (4-6).
Seasonal reproduction in sheep is primarily due to a dramatic increase in the ability of estradiol (E2) to inhibit the pulsatile secretion of gonadotropin-releasing hormone (GnRH) during the nonbreeding season [anestrus (ANS)]. Recent findings suggest that kisspeptin/neurokinin B/dynorphin (KNDy) neurons of the arcuate nucleus (ARC) play a key role in conveying this negative feedback influence, with dopaminergic projections from the retrochiasmatic area acting upon KNDy cells to decrease kisspeptin release and thus inhibit GnRH pulses. However, several questions remain unanswered: (1) Are the coexpressed KNDy peptides, neurokinin B (NKB) and dynorphin, under seasonal regulation similar to kisspeptin? (2) Are seasonal changes in these peptides and their colocalization of D2 dopamine receptors (D2Rs) steroid dependent? and (3) Do KNDy neurons receive direct input from dopaminergic terminals? We used dual-and triple-label immunofluorescence to analyze brain sections through the ARC of ovariectomized (OVX) and OVX plus E2 ewes perfused during either the breeding season or ANS. Results showed (1) steroid-dependent and steroid-independent seasonal changes in kisspeptin and NKB, but not dynorphin, immunoreactivity; (2) increased D2R coexpression during ANS that was dependent on the presence of E2; and (3) evidence that KNDy cells receive direct contact from dopaminergic terminals and that this input increases during ANS. These results support the hypothesis that dopamine acts to inhibit GnRH secretion in ANS by directly suppressing the activity of ARC KNDy neurons, and implicate NKB as well as kisspeptin in seasonal shifts in E2-negative feedback in the sheep. (Endocrinology 158: 831-841, 2017) S easonal reproduction is a naturally occurring adaptation in many mammalian species that ensures offspring are born into an environment favorable for their subsequent survival (1) . Female sheep show distinct cycles of ovarian function during the autumn and winter, termed the breeding season (BRS), and ovarian quiescence and anovulation in spring and summer, termed anestrus (ANS) (2) . The primary mechanism responsible for this variation in ovarian function is a significant alteration in the ability of estradiol (E2) to inhibit gonadotropin-releasing hormone (GnRH) secretion (3) . Specifically, during ANS, E2 gains the ability to dramatically suppress the frequency of GnRH and luteinizing hormone (LH) pulses (4) (5) (6) .
A key set of neurons mediating this increased E2-negative influence are the A15 dopaminergic neurons located in the retrochiasmatic area (RCh) of the hypothalamus (2) . During ANS, these neurons are stimulated by E2-responsive projections from the RCh (7, 8) and ventromedial preoptic area (POA) (9) and mediate E2-negative feedback via the D2 dopamine receptor (D2R) (10, 11) . Tract-tracing studies have confirmed that A15 neurons primarily project caudally toward the mediobasal hypothalamus (MBH) and innervate the arcuate nucleus (ARC) and median eminence (12, 13) . However, it remains unclear if these neurons regulate GnRH secretion via direct synapses onto GnRH neurons in the MBH, their terminals in the median eminence, or through an alternate indirect pathway.
Recent evidence suggests that A15-mediated regulation of GnRH secretion may occur via a multisynaptic pathway through the ARC. Kisspeptin neurons in the ARC are an ideal candidate for mediating dopamine (DA) actions on GnRH secretion. Kisspeptin is a key stimulator of GnRH secretion, expression of kisspeptin within the ARC is reduced during ANS (14) , and arcuate kisspeptin neurons colocalize D2R (15) . ARC kisspeptin cells are unique in that they coexpress two other peptides, neurokinin B (NKB) and dynorphin (Dyn), which have been linked to GnRH pulse initiation and termination, respectively (16) . Termed kisspeptin/neurokinin B/dynorphin (KNDy) neurons, this subpopulation has become a prominent area of focus for studies on the neuroendocrine regulation of reproduction (17) .
Our current hypothesis is that dopamine, released from A15 afferents, binds to D2R on ARC KNDy cells inhibiting kisspeptin release resulting in the net inhibition of GnRH pulses during ANS (3). However, it remains unclear whether this decrease in kisspeptin release is due to the seasonal increase in DA release or increased responsiveness of KNDy neurons to this signal. Recently it was shown that colocalization of D2R in KNDy cells, using Dyn as a marker for these cells, changes with season, with about 80% of KNDy cells colocalizing D2R in ANS compared to 40% in the BRS (15) . However, this study did not determine whether the changes in D2R colocalization were specifically due to the increased responsiveness to E2 during ANS or instead were steroid independent.
Furthermore, although it is clear that kisspeptin expression is seasonally regulated (14) , much less is known about the expression of other KNDy peptides. Dyn cell number did not change seasonally in ovariectomized plus estradiol (OVX+E) ewes, but the effects of E2 on this peptide compared to OVX animals were not examined (15) . Similarly, circumstantial evidence suggests that NKB, like kisspeptin, may also be under seasonal regulation (18) . However, the hypothesis that Dyn and/or NKB expression are seasonally regulated by E2 has yet to be directly tested. Furthermore, it remains to be demonstrated whether ARC KNDy neurons receive direct contact from dopaminergic terminals and whether there is seasonal plasticity in this input.
In the current study, we address several of these unanswered questions. First, we used immunofluorescence to examine the effects of season and E2 on the expression of all three KNDy peptides in the same animals. Second, we extended our previous findings examining the seasonal regulation of D2R colocalization in KNDy neurons to determine whether these changes are steroid dependent or independent. Finally, to determine if arcuate KNDy neurons may potentially receive direct contact from A15 dopamine neurons, we examined appositions of tyrosine hydroxylase (TH) projections upon KNDy cells in the brains of both BRS and ANS ewes.
Materials and Methods

Analysis of KNDy peptides and D2R expression
Animals
Adult mixed-breed blackface ewes were maintained in an open barn with access to water and food daily at West Virginia University. Based on values over four seasons, there is no difference (t test analysis) in weights between anestrous (70.1 6 2.0 kg, n = 39) and breeding (75.5 6 2.4 kg, n = 51) seasons in this breed of ewes. Ewes were moved indoors 3 to 7 days before surgeries and remained there for the duration of the experiments. Indoors, ewes were fed alfalfa pellets to maintain weight and given water and supplemental minerals ad libitum. Lights were adjusted every 2 weeks to mimic the duration of natural lighting. Anestrus (May; n = 8) and BRS (November; n = 8) ewes were OVX via midventral laporatomy using isoflurane anesthesia and sterile techniques [see Foradori et al. (19) for detailed methodology].
To distinguish between steroid-independent and steroiddependent changes, ewes were randomly placed into two groups, OVX control and OVX+E (n = 4/group/season). OVX+E ewes received a 3-cm-long SLASTIC brand (Dow Corning Corp., Midland, MI) capsule containing crystalline E2 inserted subcutaneously at the time of OVX. These implants produce E2 concentrations in the range of 2 to 3 pg/mL (20) that do not vary between seasons (21) and are similar to those seen in ovary-intact anestrous ewes (21) . Three weeks later, paraformaldehyde-fixed brain tissue was collected (see later) for immunohistochemistry (IHC). The seasonal status of each ewe was determined based on estrous behavior and/or status of the ovaries at the time of OVX or tissue collection. All animal work was approved by the West Virginia University Animal Care and Use Committee and followed National Institutes of Health guidelines for use of animals in research.
Tissue collection
Ewes were heparinized (25,000 U intravenously 10 minutes apart) and euthanized with an overdose of pentobarbital (~7 g intravenously). When breathing ceased, they were rapidly decapitated and immediately perfused via internal carotids with 6 L of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3) containing 0.1% NaNO3. Tissue blocks were stored overnight in fixative at 4°C and then in 30% sucrose at 4°C. After the tissue had been infiltrated with sucrose, a sliding freezing microtome (SM 200R; Leica Biosystems, Walldorf, Germany) was used to cut coronal sections (45mm) in six parallel series. Sections were stored in cryoprotectant solution (30% ethylene glycol, 1% polyvinylpyrrolidone, 30% sucrose in sodium phosphate buffer) at -20°C until needed.
Triple-label immunofluorescent detection of peptide and receptor colocalization
To examine the effects of season and E2 on KNDy peptide immunoreactivity and D2R colocalization, two parallel series of sections containing the ARC were processed for triple-label immunofluorescence and multichannel microscopic analysis. To account for all three KNDy peptides, two separate triplelabel protocols were run. Peptide and receptor colocalization was assessed in the middle division of the ARC, with triple-label IHC for D2R [Ms-anti-D2R (B10) 1:100, Santa Cruz Biotechnology Inc., Dallas, TX, Catalog Number: SC-5303, Lot: A2814], NKB (Gp-anti-NKB, 1:1000, gift from Prof. Cioffi, IS-3/63, bleed 210493) and either kisspeptin (Rbt-anti-kisspeptin, 1:5,000, #564, gift from Prof. Caraty, Université Tours) or Dyn (Rbt-Anti-Dyn, 1:250, Phoenix Pharmaceuticals Inc., Burlingame CA, Catalog Number: H-021-03, Lot: 01359-3). Immunoreactive (ir) cells were counted in two to three hemisections and averaged per animal. Two-way analysis of variance (ANOVA) and post hoc analysis was used to determine differences between groups.
IHC was performed as previously reported (15) . Briefly, freefloating sections were washed extensively in 0.1 M phosphatebuffered saline (PBS) for 3 hours to remove cryoprotectant. Endogenous peroxidase activity was blocked using a 1% H 2 O 2 in 0.1 M PBS solution for 10 minutes. Sections were then washed for 1 hour in PBS+ (0.1 M PBS with 0.4% Triton-X and 4% normal goat serum) and subsequently incubated for 17 hours with mouse anti-D2-R at 1:100 in PBS+. Following incubation, sections were washed (0.1 M PBS for 5 minutes, four times) and rinsed again after each subsequent step. Next sections were incubated in secondary antibody, biotinylated goat-anti-mouse (Vector Laboratories, Burlingame, CA) at 1:500 in PBS+ for 1 hour. Tissue sections then underwent double amplification via washes in ABC-elite (Vector), 1:500 in PBS for 1 hour, followed by a biotinylated tyramine amplification system (Vector) at 1:250 in PBS containing 0.003% H 2 O 2 for 10 minutes. Sections were then incubated with Alexa 555-conjugated streptavidin 1:100 in PBS for 30 minutes and subsequently incubated with guinea pig anti-NKB (1:1000) and either rabbit anti-kisspeptin (1:5000) or rabbit anti-Dyn (1:250) in PBS+ for 17 hours. After being washed in PBS, sections were incubated in secondary antibody goat-anti-rabbit-Alexa 488 (kisspeptin or Dyn) and Cy5 goat-anti-guinea pig (NKB) 1:100 in PBS for 30 minutes. After a final wash in 1.0 M PB, sections were mounted on Superfrost slides (Fisher Scientific, Ottawa, ON, Canada), stored in dark until dry, and coverslipped with an aqueous mounting medium (Gelvatol) containing an antifading agent [1,4-diazabicyclo(2,2)octane; 50 mg/mL] ( Table 1) .
Analysis of TH-positive appositions
Animals and tissue collection
Corriedale ewes of similar age (5 to 6 years old) and weight were maintained under ambient photoperiod conditions at the Monash University Sheep Facility, Werribee, Victoria, Australia. Based on data across 5 consecutive years, there is no difference in weights between anestrous (61.5 6 1.4 kg, n = 34) and BRS (63.2 6 0.6 kg, n = 83; P = 0.18) ewes of this breed. Experiments were approved by the Monash University, School of Biomedical Sciences Animal Ethics Committee. Ewes were divided into four groups: OVX BRS (March), OVX ANS (December), OVX+E BRS, and OVX+E ANS (n = 4/group). OVX and E treatment was performed as previously described. Ewes were fatally anesthetized with pentobarbital and heads were perfused with 4% paraformaldehyde plus 15% picric acid as previously described (14) . Brains were subsequently removed and the hypothalami processed for IHC. Coronal sections (40 um) were cut on a cryostat (extending the rostral POA to the caudal MBH) and placed into cryoprotectant until used for IHC.
Dual-label immunohistochemistry
IHC was performed as described previously for the colocalization of kisspeptin and NKB (16) . For kisspeptin and TH IHC, anatomically matching sections representing the rostral, middle, and caudal regions of the ARC were incubated with both a rabbit antikisspeptin (AC566, 1:2000, gift from Caraty) and a mouse monoclonal antibody against TH (1:1000; Catalog Number: NCL-TH, Novocastra, Leica Microsystems Pty Ltd, Wetzlar, Germany) for 48 hours at 4°C. Subsequently, sections were incubated with fluorescent secondary antibodies; goatanti-rabbit-Alexa 488 (kisspeptin, green) and a goat anti-mouse Alexa 546 (TH, red; both diluted 1:500; Molecular Probes, Inc., Eugene, OR). See Table 1 for detailed information about the primary antibodies named earlier.
Analytical procedures
KNDy peptide and D2R expression
Analyses of single-, double-, and triple-labeled cells were done using a Leica DM5000B fluorescence microscope at 320 magnifications by an observer blinded to experimental treatments. The total number of single-, double-, and triple-labeled neurons for both IHC protocols (kisspeptin + NKB + D2R; Dyn + NKB + D2R) were counted in sections containing the middle level of the ARC (two to three sections each). Because of the density of KNDy cells in the ARC, Neurolucida software (MBF Biosciences, Williston, VT) was used to append multiple three-channel images captured with the appropriate excitation for Alexa 488, Alexa 555, and Cy5 across the entire extent of the middle ARC in each section. For each ewe, the percentage of total kisspeptin, NKB, and Dyn containing D2R, the percentage of kisspeptin and Dyn neurons containing NKB, and the percentage of NKB neurons containing either kisspeptin or Dyn were calculated. The percentage of each KNDy peptide cell colocalizing D2-R was determined by counting only cells with a clear nucleus present at the focal plane of the image. Data are expressed as means 6 standard error of the mean. Seasonal and steroid effects were analyzed using two-way ANOVA with critical level of 0.05. For percentages, data were transformed prior to analysis using two-way ANOVA.
TH-ir appositions
Kisspeptin-and TH-ir cells were identified under fluorescent illumination, with a single observer counting the total number of cells and the number of cells with kisspeptin-or TH-ir terminal appositions. Putative contacts were examined with a Zeiss Apotome microscope (Carl Zeiss, Inc.). Z-stacks of optical sections were captured through neurons and appositions were defined as contacts of terminals with soma or proximal dendrites when no pixels were present between the two components when Z-stacks were rotated and viewed in different planes as previously reported (22) . For each animal, the percentage of "contacted" kisspeptin-or TH-ir cells in the ARC was averaged to produce the mean 6 standard error of the mean. Data were analyzed using two-way ANOVA (treatment and season).
Results
Steroid-dependent and steroid-independent seasonal changes in the number of kisspeptin-and NKB-positive, but not Dyn-positive, cells in the arcuate nucleus
Immunofluorescence microscopy was used to examine the season-and steroid-dependent regulation of ARC KNDy peptides [ Fig. 1(a-c) ]. Quantitative cell counts of multichannel images (Figs. 2, 3 ) confirmed previous findings that the number of kisspeptin-positive cells within the ARC are significantly decreased during ANS compared to BRS in OVX+E ewes [P , 0.001; Fig. 1(a) ]. Similarly, OVX+E ewes showed a significant decrease in the number of NKB-positive cells during ANS [P , 0.05; Fig. 1(b) ]. To ascertain if the seasonal changes in kisspeptin and NKB are steroid dependent, counts were repeated in hypothalamic sections of OVX controls. The ARC of OVX ewes contained significantly higher numbers of both kisspeptin-ir and NKB-ir cells compared to OVX+E animals (P , 0.001); however, unlike OVX+E ewes, OVX controls show significant increases in the total numbers of both kisspeptin (P , 0.05) and NKB cells (P , 0.05) during ANS [ Fig. 1(a)  and 1(b) ].
To ascertain if changes in peptide immunoreactivity were occurring primarily in the KNDy population, quantitative analysis of the percentages of kisspeptin and NKB colocalization was also performed. The percentage of kisspeptin cells colocalizing NKB did not change (P = 0.414) between seasons regardless of steroid treatment; however, OVX+E ewes showed a significant decrease in the percentage of NKB cells colocalizing kisspeptin during ANS (P , 0.001; Table 2 ).
Neither OVX nor OVX+E ewes showed significant changes in the number of Dyn-positive cells between seasons [P = 0.246 and P = 0.079; Fig. 1(c) ]. However, Dyn was found to be regulated by E2, independent of season. Interestingly, unlike kisspeptin-and NKB-ir, OVX+E ewes showed small but significant increases in Dyn-ir cell numbers compared to OVX animals [ Fig. 1(c) ] regardless of season (BRS P , 0.001; ANS P = 0.003). Analysis of the percentage of Dyn cells colocalizing NKB revealed a seasonal effect of E2 with OVX+E (Table 2) ewes showing a significant decrease during ANS (P , 0.001), likely due to the selective inhibition of NKB expression by E2 [ Fig. 1(b) ]. No effect of season was observed in the percentage of NKB cell colocalizing Dyn in OVX+E ewes (P = 0.297; Table 2 ).
Steroid-dependent seasonal changes in the D2R colocalization in arcuate KNDy cells
Quantitative analysis of ARC kisspeptin-, NKB-, and Dyn-positive cells colocalizing D2R in OVX and OVX+E ewes during BRS and ANS [ Figs. 1(d-f) Fig. 4(a-d) 
Discussion
Seasonal regulation of GnRH secretion is known to be mediated by steroid-independent (1) and steroid-dependent effects of photoperiod (23, 24) , with the latter reflecting a seasonal shift in the response to E2-negative feedback evident in OVX+E ewes. Previous studies in the ewe have indicated ARC KNDy neurons as potential mediators of seasonal changes in E2-negative feedback via inhibitory projections from the A15 DA population (3). However, several important questions had yet to be addressed. In the current study, we first demonstrated that kisspeptin and NKB, but not Dyn, undergo steroid-dependent, as well as steroid-independent, seasonal changes in immunoreactivity within the ARC. Secondly we extended previous findings of seasonal changes in D2R colocalization on KNDy neurons (15) and showed that increased D2R expression during ANS is dependent on the presence of E2. Finally, we observed increased numbers of DA contacts onto kisspeptin cells during ANS complementing these changes in D2R expression. These data consistent with the hypothesis implicating ARC KNDy neurons in seasonal changes in E2-negative feedback, and suggest that the influence of dopamine on ARC kisspeptin and NKB peptide immunoreactivity is conveyed directly via afferents to KNDy cells. Our observation of decreased kisspeptin-ir during ANS in OVX+E ewes is consistent with previous studies in the sheep (14) which showed~50% reduction in cell number during the non-BRS. Previous work has also indirectly indicated that NKB is under seasonal control (18) with ewes showing similar proportions of duallabeled NKB and kisspeptin cells in the ARC in both seasons suggesting that NKB-ir must parallel seasonal changes in kisspeptin. In the present study we show that similar to kisspeptin, NKB-ir is significantly decreased during ANS in the ARC of OVX+E ewes. This finding supports the hypothesis that during ANS the increased responsiveness to E2-negative feedback is mediated via increased inhibition of the stimulatory KNDy peptides, NKB and kisspeptin, ultimately resulting in decreased GnRH secretion. The data demonstrating a lack of seasonal changes in Dyn-ir cell number in both OVX and OVX+E ewes confirm and extend our previous work (15) and are consistent with other data demonstrating the selective suppression of some, but not all, KNDy peptides under physiological conditions (25, 26) . Finally, we showed that although both kisspeptin and NKB are reduced during ANS in OVX+E ewes, neither the percentages of kisspeptin cells colocalizing NKB, nor NKB cells colocalizing Dyn, were altered suggesting that the seasonal change is targeted to the KNDy population and not single-labeled kisspeptin or NKB cells.
While much of the results from the analysis of KNDy peptide expression reported here are consistent with previous work, two unexpected observations were made. First, the number of both Kiss-ir and NKB-ir cell numbers were higher in OVX ewes during ANS then the BRS. Because this occurred in OVX animals it most likely relates to the steroid-independent effects of photoperiod that produce a small decrease in LH pulse frequency and a corresponding increase in pulse amplitude (20, 27) . Given the stimulatory actions of NKB and kisspeptin on GnRH and LH secretion, it is tempting to speculate that these changes contribute to the increased LH pulse amplitude in OVX anestrous ewes. Serotonergic, not dopaminergic, systems have been implicated in the steroidindependent actions of photoperiod (11, 28) so it is possible that the modest inhibition of LH pulse frequency occurs independent of kisspeptin and NKB.
Second, we found that OVX+E animals show increased Dyn-ir compared to OVX ewes in both seasons.
The lack of seasonal changes in Dyn in OVX+E ewes suggests a stimulatory role of E2 on Dyn in both seasons consistent with previous findings showing decreased Dyn mRNA following the removal of E2 and progesterone via ovariectomy during the BRS, which was not restored to intact levels by progesterone alone (29) . However, the stimulatory effects of E2 on Dyn expression in sheep stand in contrast to evidence of inhibitory effects in rodents, with E2 replacement decreasing Dyn mRNA in the ARC of OVX mice (29) . This distinction between rodents and sheep may reflect several physiological differences in the role of Dyn. First, in sheep, Dyn plays a key role as a mediator of progesterone negative feedback during the luteal phase of the estrous cycle (30) . The rodent estrous cycle, unlike that of sheep and primates, lacks a true luteal phase, and the major role of progesterone during the rodent estrous cycle is in the generation of the GnRH/LH surge (31) . Second, evidence in ruminants (sheep and goats) suggests that Dyn, acting via kappa opioid receptors, serves as the stop signal terminating individual GnRH pulses (32, 33) . By contrast, although exogenous Dyn inhibits KNDy cells in mice, kappa antagonists have no effect upon KNDy cell activity or LH pulses in mice and rats respectively [reviewed in Goodman et al. (30) ]. Thus, while Dyn plays an obligatory role for GnRH pulse termination in sheep, other, perhaps redundant, signals are required in rodents (34) . Additionally, the inhibitory effects of E2 on Dyn expression are mediated via the classical estrogen response element (35), which is not required for negative feedback inhibition of LH secretion by E2 in mice (35) .
The stimulatory influence of E2 on Dyn in BRS ewes raises the possibility that Dyn mediates the inhibitory actions of E2 on LH pulse amplitude at this time of year. This hypothesis is consistent with a recent report that the kappa-opioid receptor antagonist, norbinaltorphimine, increased LH secretion in OVX+E, but not OVX, female rats (36) , and several earlier studies showing similar effects with nonspecific opioid receptor antagonists in ewes (37, 38) . There is one report that naloxone increased GnRH pulse amplitude in both OVX+E and OVX ewes, data that are not consistent with this hypothesis (39) . However, there were subtle differences in the effects of naloxone in these two groups that led the authors to point out that the data do not rule out a role for endogenous opioids in E2-negative feedback. If Dyn does mediate E2 inhibition of pulse amplitude, the increase in Dyn-ir in both seasons indicates that this inhibition also occurs in ANS, but is masked by the dramatic inhibition of pulse frequency at this time of year. This would not be surprising because other feedback actions of E2 (21) and progesterone (20) occur in both the breeding and anestrous seasons.
Because D2-R has been identified as the specific receptor subtype holding GnRH pulse frequency in check in ovary-intact anestrous ewes (10) , any neural population that plays a role in this inhibition must contain this receptor. Our lab has previously shown a twofold increase in the percentage of Dyn neurons containing D2R during ANS in OVX+E ewes (15) . Here, we replicated this finding and extended it to show that, as expected, all three KNDy peptides show increased D2R colocalization during ANS. Moreover, we show that this seasonal effect is steroid dependent with no seasonal differences found in OVX ewes. Furthermore, by demonstrating that Dyn-ir is indeed unaltered between seasons, our results indicate that increased proportion of D2R colocalization is not simply due to decreased KNDy cell numbers. The seasonal changes in D2R suggests that KNDy neurons may have increased sensitivity to dopaminergic inhibition during ANS. It should be noted that an early study was unable to detect changes in response to an exogenous DA agonist between seasons (11), but this did not test for changes in sensitivity because only one dose of agonist was used. Thus further investigation into potential alterations in dopamine responsiveness may be necessary. Together, these findings further support our hypothesis that E2 acts directly on the ARC KNDy population to increase D2R during ANS.
Providing further support for the role of KNDy neurons in the seasonal regulation of GnRH is the observation that kisspeptin neurons show increased DA contacts during ANS consistent with the seasonal changes in D2R. Moreover, this finding provides an alternative explanation to a previous study that reported no change in the number of dopaminergic synapses onto GnRH neurons between seasons (40) despite increased dendritic length and branching of A15 neurons during ANS (41) . While the percentage of KNDy cells found to receive TH-ir contacts in our study was relatively low (10% to 20%), this should to be viewed in light of the limitation of kisspeptin immunocytochemistry to reveal the entire dendritic array of these neurons. Thus, the percentage of KNDy cells with TH-ir inputs reported here is likely an underestimate. In addition, the proportion of KNDy cells colocalizing D2R was fairly high (60% to 80%), suggesting that a majority of KNDy neurons have the potential to be targets of dopamine action, whether by synaptic release or by diffusion from nearby dopamine fibers (e.g., volume transmission). Regardless of the exact proportion of KNDy cells involved, kisspeptin signaling appears to play a critical role in the seasonal ability of dopamine to inhibit LH pulses (15) . Finally, it should be noted that our current results do not identify the precise area(s) from which the TH-ir contacts onto KNDy neurons originated. The two most likely sources of input are retrochiasmatic area (RCh) A15 DA and ARC A12 DA neurons. Previous tract tracing studies in the sheep showed that DA fibers arising from the A15 cell group innervate the ARC (13) , although the precise phenotype of ARC neurons contacted was not determined. More recent work has shown that KNDy neurons do, in fact, receive direct projections from the RCh (42), but that study did not determine whether those projections were dopaminergic or arose from some other neuronal subpopulation in the RCh. The lack of any seasonal change in the number of TH-positive cells in the ARC is consistent with input from the A15 being the source of the increased TH-ir contacts, but further work is needed to definitively distinguish between these two possibilities.
We also observed significant increases in the percentage of ARC TH cells receiving kisspeptin contacts in OVX+E BRS ewes compared to OVX controls. Because ARC TH neurons are important regulators of prolactin secretion (43) , this finding is consistent with previous rodent data showing that the ability of kisspeptin to increase prolactin secretion via A12 DA neuron inhibition is dependent on the presence of E2 (44) . Interestingly this effect of E2 was not seen in anestrous ewes, which showed a slight decrease in kisspeptin contacts onto TH cells. However, the decrease during ANS could simply be due to the decreased kisspeptin expression at that time of year. Furthermore the increased kisspeptin inputs observed in BRS OVX+E ewes could be arising from the POA kisspeptin population because E2 increases kisspeptin expression in this population (45) . Previous findings have indicated that many prolactin pulses occur in synchrony with LH pulses (46, 47) , thus kisspeptin-TH connections may represent a potential circuitry mediating the synchronized secretion of the two hormones. However, further investigation is clearly needed to test this hypothesis.
Taken together, our findings provide further evidence that the ARC KNDy population plays a key role in the neural circuitry regulating seasonal breeding in sheep. The increased D2R colocalization and dopaminergic input onto the KNDy population support the hypothesis that the negative feedback actions of E2 during ANS are conveyed via A15 dopaminergic neurons that suppress kisspeptin release from ARC neurons and thereby inhibit GnRH pulse frequency. Steroid-dependent changes in NKB, as well as kisspeptin, suggest that seasonal regulation of NKB may also contribute to increased E2-negative feedback during ANS. Finally, the unexpected observations of (1) steroid-independent increases in the stimulatory KNDy peptides kisspeptin and NKB during ANS and (2) the ability of E2 to increase the inhibitory KNDy peptide Dyn during both seasons, provide novel insights into the complex mechanisms regulating this critical neural population in seasonal breeders.
